Introduction
============

Febrile seizures are childhood convulsions triggered by fever that occur following common childhood infections, such as chickenpox and otitis media, resulting in pro-inflammatory cytokine release by peripheral immune cells.[@b1-10.1177_1179069517704668] These cytokines include interleukin 1 beta (IL-1β), tumour necrosis factor α (TNF-α), and interleukin 6 (IL-6).[@b2-10.1177_1179069517704668] Several hours after initiation of the inflammatory response, anti-inflammatory cytokines are released; these include the following: interleukin 1 receptor antagonist (IL-1ra) and interleukin 10 (IL-10).[@b2-10.1177_1179069517704668] Pro-inflammatory cytokines then cross the blood-brain barrier (BBB) into the central nervous system (CNS).[@b3-10.1177_1179069517704668] Entrance of pro-inflammatory cytokines into the brain activates glial cells, triggering an immune response in the CNS, thus more release of cytokines.[@b2-10.1177_1179069517704668] The cytokines in the CNS elicit a cascade that results in fever and also leads to an imbalance in IL-1β and IL-1ra, one of the major role players in the pathogenesis of febrile seizures.[@b4-10.1177_1179069517704668] The cytokines IL-1β and IL-1ra compete for binding at the interleukin 1 receptor type I (IL1RI) and IL1RI binds IL-β with higher affinity than IL-1ra, so a few IL-1β-occupied receptor complexes are required for cellular signaling.[@b4-10.1177_1179069517704668] Therefore, high molar excess (100-fold to 1000-fold) of IL-1ra is essential to counteract IL-1β effects.[@b4-10.1177_1179069517704668] Imbalance in the IL-1β/IL-1ra ratio alters the balance of the excitatory glutamate and inhibitory γ-aminobutyric acid neurotransmitters in the brain.[@b4-10.1177_1179069517704668] The imbalance favours IL-1β in febrile seizures resulting in glutamate excitation, leading to neuronal hyperexcitability and thus seizures.[@b4-10.1177_1179069517704668],[@b5-10.1177_1179069517704668] Studies show that IL-10 has neuroprotective effects against pro-inflammatory cytokine-induced hyperexcitation of neurons seen in febrile seizures.[@b6-10.1177_1179069517704668] Interleukin 10 exerts its anti-inflammatory activity and neuroprotection through suppressing release of pro-inflammatory cytokines.[@b7-10.1177_1179069517704668] This suggests that IL-10 could possibly play a role in the attenuation of febrile seizures.[@b6-10.1177_1179069517704668] Furthermore, early-life exposure to stress such as prenatal stress has been shown to enhance inflammatory cytokine release in the periphery and CNS and to promote febrile seizure progression.[@b8-10.1177_1179069517704668],[@b9-10.1177_1179069517704668] Antipyretics and anti-epileptic drugs are currently used to manage febrile seizures, but with prolonged use, these drugs can have adverse side effects including respiratory and CNS depression and gastric ulcers, among others.[@b10-10.1177_1179069517704668],[@b11-10.1177_1179069517704668] In addition, these drugs are also expensive making them inaccessible in low socioeconomic communities, so there is a need for an alternative treatment with fewer adverse effects and that is affordable. Quercetin is a flavonoid of great interest in research for its anti-inflammatory, anti-oxidant, anti-convulsant properties, among others.[@b12-10.1177_1179069517704668] Therefore, the aim of this study was to investigate the potential therapeutic effect of quercetin in a prenatally stressed rat model of febrile seizures.

Methods and Materials
=====================

Prenatal handling
-----------------

### Animals

In total, 10 female and 5 male Sprague-Dawley rats were used for mating; these rats were acquired from the Biomedical Resource Centre of the University of KwaZulu-Natal where they were accommodated under standard laboratory conditions: room temperature of ±22°C, humidity of 70%, and a 12-hour light/dark cycle. Animals had free access to food and water ad libitum, and all experimental procedures performed were approved by the Animal Ethics Research Committee of the University of KwaZulu-Natal (ethics number AREC/057/015) in accordance with guidelines of the National Institutes of Health, USA.

### Mating procedure

To prepare the female rats for mating, their oestrus cycle was synchronized 4 days before mating by putting 2 females in 1 cage. Studies show that ovarian cycles of female rats that live together become synchronized and this is mediated by pheromones.[@b13-10.1177_1179069517704668],[@b14-10.1177_1179069517704668] The oestrus cycle is a reproductive cycle of female rats lasting for 4 to 5 days and is observed by morphological modifications in the uterus, ovaries, and vagina.[@b15-10.1177_1179069517704668] It is divided into 4 phases as follows: pro-oestrus, oestrus, metoestrus, and dioestrus.[@b16-10.1177_1179069517704668] These phases are distinguished based on cell types observed in vaginal smears.[@b16-10.1177_1179069517704668] The pro-oestrus and oestrus phases each last for 12 hours, whereas metoestrus takes 21 hours and dioestrus persists for 57 hours. The oestrus cycle was assessed daily by examination of a vaginal smear, and when a female was at pro-oestrus phase, a male was placed into the cage and a vaginal smear was obtained the following morning. Vaginal smears were collected as described by Marcondes et al,[@b15-10.1177_1179069517704668] and the presence of sperm in the vaginal smear indicated that mating had taken place and that day was marked as gestational day 0 (GND0). The male rat was then taken out of the cage, and the pregnant dams were left undisturbed until gestational day 14 (GND14).

### Prenatal stress protocol

On GND14, the pregnant dams were divided into 2 main groups: stressed group and non-stressed. The stress protocol was conducted from GND14 to GND20 as described by Cassim et al.[@b17-10.1177_1179069517704668] Stress was introduced on GND14 because this is when gross neural structures of the CNS start specializing and also because the placental barrier becomes less active, thus the foetus is exposed to maternal stress hormones.[@b18-10.1177_1179069517704668],[@b19-10.1177_1179069517704668]

Postnatal handling
------------------

### Febrile seizure induction

Following birth, the pups remained with their dams until postnatal day (PND) 14. A total number of 24 pups (n = 3) were used in the study. Each group was divided into the following subgroups: non-stressed saline (NS-S), who received saline only; non-stressed febrile seizure (NS-FS), who received lipopolysaccharide (LPS) + kainic acid (KA); non-stressed quercetin, who received saline + quercetin (Q); and NS-FS treated with quercetin (NS-FSQ), who received LPS + KA + Q. Stressed saline (S-S), who received saline only; stressed febrile seizure (S-FS), who received LPS + KA; stressed quercetin, who received saline + quercetin; and S-FS treated with quercetin (S-FSQ), who received LPS + KA + Q. On PND 14, pups were separated from their dams and moved to the experimental room 1 hour before inducing febrile seizures for acclimatization. The control animals were injected intraperitoneally with 1-mL saline solution (0.9% NaCl; Adcock Ingram, Mid-rand, South Africa). The febrile seizure group was injected with a gram-negative bacterial endotoxin LPS (200 µg/kg, 0.2 mL, intraperitoneal; Sigma-Aldrich, St. Louis, MO, USA) and 2.5 hours later injected with a sublethal dose of the glutamate analogue KA (1.75 mg/kg, 0.2 mL, intraperitoneal; Sigma-Aldrich) to trigger convulsions.[@b17-10.1177_1179069517704668] The treatment group was also injected with quercetin (10 mg/kg, 0.2 mL, intraperitoneal; Sigma-Aldrich) once there were noticeable convulsions in all the rats injected with LPS and KA.[@b20-10.1177_1179069517704668] All the drugs were dissolved in 0.9% normal saline.

### Seizure assessment

The assessment of seizure intensity is schematically represented in [Figure 1](#f1-10.1177_1179069517704668){ref-type="fig"}.

### Decapitation

All the animals were moved to the autopsy room 1 hour post-seizure to be sacrificed. The animals were decapitated using a guillotine; the brains were harvested and dissected to collect hippocampal tissue. The tissue was then placed in 2-mL Eppendorf tubes, snap frozen in liquid nitrogen, and stored at −80°C bio-freezer for later analysis of cytokine levels.

### Neurochemical analysis

The total protein content of the hippocampal samples was determined using an assay that was a reducing agent compatible as well as a detergent compatible (Bio-Rad Laboratories, Hercules, CA, USA). The samples were prepared for analysis by adding ice-cold phosphate-buffered saline (0.01 M, pH = 7.4) and volume added based on the sample weight. The samples were then placed in ice and homogenized to disrupt the cell wall and release the cell contents using an ultrasonic sonicator (Qsonica, Newtown, CT, USA). The homogenates were then centrifuged for 5 minutes at 5000*g* to obtain the supernate. The supernate was transferred to new Eppendorf tubes. The concentration of IL-1ra was measured using a commercially available Rat IL-1ra enzyme-linked immunosorbent assay kit (Elabscience Biotechnology, Wuhan, China). The concentration of IL-1β, TNF-α, IL-6, and IL-10 was measured using a commercially available Bio-Plex Multiplex Rat Cytokine immunoassay (Bio-Rad Laboratories).

### Statistical analysis

The data were analysed with GraphPad Software Inc. La Jolla, CA, USA (version 5) software. Analysis of variance was performed on the rat hippocampal concentration of the following cytokines: IL-1β, TNF-α, IL-6, IL-1ra, and IL-10 with stress and febrile seizure as factors between rats. Significant main effects were followed by Bonferroni post hoc test. Differences were considered significant when *P* ⩽ .05.

Results
=======

IL-1β concentration in hippocampal tissue
-----------------------------------------

Interleukin 1 beta concentration was measured in the rat hippocampal tissue in the following groups: NS-S, NS-FS, NS-FSQ, S-S, S-FS, and S-FSQ. Exposure to febrile seizures alone in non-stressed rats significantly increased IL-1β concentration in comparison with their control (NS-S vs NS-FS; F~3.16~ = 18.40, *P* \< .01). The treatment with quercetin resulted in increased IL-1β concentration in non-stressed rats subjected to febrile seizures (NS-FS vs NS-FSQ; F~3.16~ = 18.40, *P* \< .001). Exposure to both prenatal stress and febrile seizures significantly increased IL-1β concentration in comparison with the non-stressed rats subjected to febrile seizures (NS-FS vs S-FS; F~3.16~ = 84.91, *P* \< .05). Exposure to both prenatal stress and febrile seizures resulted in increased IL-1β concentration in comparison with rats subjected prenatal stress alone (S-S vs S-FS; F~3.16~ = 84.91, *P* \< .0001). However, treatment with quercetin decreased IL-1β concentration in rats exposed to both prenatal stress and febrile seizures in comparison with untreated rats exposed to both prenatal stress and febrile seizures (S-FS vs S-FSQ; F~3.16~ = 18.40, *P* \< .05) and also in comparison with treated rats exposed to febrile seizures alone (NS-FSQ vs S-FSQ; F~3.16~ = 18.40, *P* \< .0001) ([Figure 2](#f2-10.1177_1179069517704668){ref-type="fig"}).

IL-1ra concentration in hippocampal tissue
------------------------------------------

Interleukin 1 receptor antagonist concentration was measured in the rat hippocampal tissue in the following groups: NS-S, NS-FS, NS-FSQ, S-S, S-FS, and S-FSQ. Exposure to febrile seizure resulted in increased IL-1ra concentration in the hippocampus of non-stressed rats subjected to febrile seizure compared with previously stressed rats subjected to febrile seizure (NS-FS vs S-FS; F~3.16~ = 19.74, *P* \< .05). Treatment with quercetin resulted in increased IL-1ra concentration in the hippocampus of rats subjected to febrile seizure alone when compared with rats exposed to both prenatal stress and febrile seizures (NS-FSQ vs S-FSQ; F~3.16~ = 5.31, *P* \< .001) ([Figure 3](#f3-10.1177_1179069517704668){ref-type="fig"}).

IL-1ra/IL-1β ratio in hippocampal tissue
----------------------------------------

We further assessed the IL-1ra/IL-1β ratio in the hippocampus in the following groups: NS-S, NS-FS, NS-FSQ, S-S, S-FS, and S-FSQ. Our findings show that the IL-1ra/IL-1β ratio was significantly lower in non-stressed rats with febrile seizure compared with the control (NS-S vs NS-FS; F~3.16~ = 8.62, *P* \< .005) ([Figure 4](#f4-10.1177_1179069517704668){ref-type="fig"}).

TNF-α concentration in hippocampal tissue
-----------------------------------------

Tumour necrosis factor α concentration was measured in the rat hippocampal tissue in the following groups: NS-S, NS-FS, NS-FSQ, S-S, S-FS, and S-FSQ. Exposure to both prenatal stress and febrile seizures increased TNF-α concentration in the hippocampus compared with non-stressed rats with febrile seizures (NS-FS vs S-FS; F~3.16~ = 14.56, *P* \< .001). Exposure to both febrile seizures and prenatal stress resulted in elevated levels of TNF-α concentration in the rat hippocampus when compared with the rats exposed to prenatal stress alone (S-S vs S-FS; F~3.16~ = 35.99, *P* \< .001) ([Figure 5](#f5-10.1177_1179069517704668){ref-type="fig"}).

IL-6 concentration in hippocampal tissue
----------------------------------------

Interleukin 6 concentration was measured in the rat hippocampal tissue in the following groups: NS-S, NS-FS, NS-FSQ, S-S, S-FS, and S-FSQ. Exposure to both prenatal stress and febrile seizures increased IL-6 concentration in the hippocampus of prenatally stressed rats subjected to febrile seizure compared with non-stressed rats subjected to febrile seizure (NS-FS vs S-FS; F~3.16~ = 7.99, *P* \< .001). Exposure to febrile seizure resulted in increased IL-6 concentration in the hippocampus of rats exposed to prenatal stress rats when compared with their saline control group (S-S vs S-FS; F~3.16~ = 30.58, *P* \< .0001) ([Figure 6](#f6-10.1177_1179069517704668){ref-type="fig"}).

IL-10 concentration in hippocampal tissue
-----------------------------------------

Interleukin 10 concentration was measured in the rat hippocampal tissue in the following groups: NS-S, NS-FS, NS-FSQ, S-S, S-FS, and S-FSQ. Exposure to febrile seizure decreased hippocampal concentration of IL-10 in non-stressed rats subjected to febrile seizure compared with the control (NS-S vs NS-FSQ; F~3.16~ = 9.28, *P* \< .005). Exposure to febrile seizures in non-stressed rats resulted in decreased IL-10 concentration in rat hippocampal tissue when compared with rats exposed to both prenatal stress and febrile seizures (NS-FS vs S-FS; F~3.16~ = 9.28, *P* \< .01). Treatment with quercetin resulted in increased IL-10 concentration in the hippocampus of non-stressed rats subjected to febrile seizure compared with untreated non-stressed rats subjected to febrile seizures (NS-FS vs NS-FSQ; F~3.16~ = 6.475, *P* \< .005) ([Figure 7](#f7-10.1177_1179069517704668){ref-type="fig"}).

Discussion
==========

In this study, we investigated the effects of quercetin as a potential therapeutic agent for febrile seizures in animals that were previously exposed to prenatal stress by measuring concentrations of pro- and anti-inflammatory cytokines in the hippocampus of both stressed and non-stressed rats with febrile seizures.

Our findings show that exposure to febrile seizures alone resulted in increased levels of IL-1β concentration when compared with their saline control rats. These findings are in agreement with previous studies showing that there is a direct correlation between development of febrile seizures and high levels of IL-1β in the hippocampus, indicating that IL-1β is the principal initiator in the febrile response and neuronal hyperexcitability that leads to the onset of seizure activity.[@b2-10.1177_1179069517704668],[@b4-10.1177_1179069517704668],[@b23-10.1177_1179069517704668] Therefore, this confirms that administration of LPS followed by KA successfully mimicked an infection, thus triggering an inflammatory response shown by high IL-1β levels observed. In addition, treatment with quercetin resulted in a further increase in IL-1β levels in rats exposed to febrile seizures alone compared with the untreated rats. Our findings contradict with previous studies which reported the anti-inflammatory properties of quercetin in various acute and chronic models of inflammation.[@b24-10.1177_1179069517704668],[@b25-10.1177_1179069517704668] Our findings show that quercetin failed to decrease the LPS-induced increase in IL-1β levels. The possible mechanism is that a Jarisch-Herxheimer reaction (JHR)--like response occurred after quercetin treatment; this JHR is triggered by endotoxins released into the systemic circulation by injured or dead bacteria.[@b26-10.1177_1179069517704668]--[@b28-10.1177_1179069517704668] The rate that endotoxins are released is faster than the body can control it, so this triggers a sudden and exaggerated inflammatory response, which is characterized by an elevation of systemic pro-inflammatory cytokines; this phenomenon is usually seen in patients during treatment of infections such as syphilis, tuberculosis, and relapsing fever and it lasts for several hours, and after it has subsided, the patients start to feel better.[@b27-10.1177_1179069517704668],[@b28-10.1177_1179069517704668] Therefore, we postulate that post-treatment with quercetin, there was an exaggerated systemic release of IL-1β and other pro-inflammatory cytokines which then crossed the BBB to the CNS and activated glial cells to release more IL-1β. This exaggerated response would have probably subsided after several hours, but we were not able to observe that because we collected the hippocampal tissue an hour post-seizure.

Furthermore, our findings show that exposure to both prenatal stress and febrile seizures resulted in increased IL-1β in comparison with their non-stressed counterparts. This result is in agreement with studies showing that consequences of early exposure to maternal stress during gestation result in a maladaptive hypothalamic-pituitary-adrenal (HPA) axis in the offspring.[@b29-10.1177_1179069517704668] It has been shown that the malfunction of the HPA axis due to prenatal stress results in an increase in corticotrophin-releasing factor (CRF) in the paraventricular nucleus (PVN) of the hypothalamus, thus eventually leading to higher than normal basal circulating corticosterone (cortisol in humans).[@b30-10.1177_1179069517704668] This then leads to a higher than normal basal expression of pro-inflammatory cytokines in the CNS on an encounter with an infection.[@b31-10.1177_1179069517704668]

Literature also shows that the CNS regulates the immune system via the neuroendocrine pathways such as the HPA axis.[@b32-10.1177_1179069517704668] Therefore, we postulate that the high IL-1β levels we observed in prenatally stressed rats with febrile seizures were due to activation of an already dysregulated HPA axis by IL-1β in the CNS which led to a greater release of corticosterone, which elicited more release of systemic pro-inflammatory cytokines and consequently those in hippocampus as well. However, treatment with quercetin resulted in decreased IL-1β levels in stressed rats compared with their non-stressed counterparts. This finding correlates with other findings showing that quercetin attenuates activation of the HPA axis due to stress by antagonizing CRF.[@b25-10.1177_1179069517704668],[@b33-10.1177_1179069517704668] These results suggest that quercetin may have decreased IL-1β concentration in the hippocampus by restoring the HPA axis, thus enabling it to properly regulate the secretion of CRF by the PVN; this then could have led to a decreased release of corticosterone and consequently decreasing IL-1β levels.

In addition, we assessed the levels of an IL-1β antagonist, IL-1ra, in rat hippocampal tissue. Our findings show that induction of febrile seizures significantly increased IL-1ra levels in non-stressed rats compared with the stressed rats. Interleukin 1 receptor antagonist is released in response to seizures to terminate IL-1β--mediated pro-inflammatory activity, but IL-1ra reaches its peak concentration several hours later than IL-1β.[@b34-10.1177_1179069517704668],[@b35-10.1177_1179069517704668] Therefore, because the inflammatory response was exaggerated in non-stressed rats compared with the stressed ones, this indicates that IL-1ra release had to increase as well to attenuate IL-1β activity. Our findings have also shown that the IL-1ra/IL-1β ratio was significantly lower in non-stressed rats with febrile seizures compared with their control, suggesting a high pro-inflammatory cytokine profile in the hippocampus. Therefore, our findings confirm that IL-1β binding is indeed favoured over IL-1ra during febrile seizures, showing the competitive binding for IL1RI between IL-1ra and IL-1β. Treatment with quercetin increased IL-1ra concentration in non-stressed rats with febrile seizures compared with stressed rats with febrile seizures. The possible mechanism is that quercetin possibly enhanced IL-1ra release, so this then suggests that quercetin not only antagonizes pro-inflammatory cytokines but also stimulates anti-inflammatory cytokines.

Moreover, our findings also show that TNF-α and IL-6 follow the same trend as IL-1β of being heightened in rats exposed to prenatal stress and febrile seizures compared with the non-stressed rats with febrile seizure. The findings of this study are in accordance with literature showing that stress induces hyperproduction of TNF-α and IL-6.[@b31-10.1177_1179069517704668],[@b36-10.1177_1179069517704668] These findings also show the supporting role played by TNF-α and IL-6 alongside IL-1β in the development of febrile seizures. We postulate that an increase in IL-1β levels triggered production and release of TNF-α and IL-6 via both the HPA axis pathway as well as the febrile seizure pathway. Treatment with quercetin did not show any significant effects on both TNF-α and IL-6; this is possibly due to that these pro-inflammatory cytokines only serve a supporting role during development of febrile seizures and the effect was most prominent in IL-1β because it is the key initiator during febrile seizures.

Finally, we assessed the levels of IL-10 an anti-inflammatory cytokine, and our findings show that febrile seizures decreased IL-10 levels in non-stressed rats with febrile seizures compared with their control and also compared with stressed rats with febrile seizures. Interleukin 10 is well known for relaying negative feedback signals that mitigate the activated immune system after an inflammatory trigger.[@b34-10.1177_1179069517704668] Findings by Swarup et al[@b37-10.1177_1179069517704668] show that following an infection, IL-10 levels are low, whereas pro-inflammatory cytokines are high. Literature also shows that a surge in IL-10 levels is observed 24 to 72 hours after the onset of seizures.[@b34-10.1177_1179069517704668] Our findings are in agreement with the previous studies. The possible mechanism for these findings then would be that IL-10 had not yet surged to an efficacious concentration by the time tissue was collected, which was an hour post-seizure. However, treatment with quercetin increased IL-10 levels almost restoring them back to basal levels in non-stressed rats with febrile seizures. Quercetin has anti-inflammatory properties and acts by suppressing pro-inflammatory cytokines.[@b12-10.1177_1179069517704668] The mechanism by which quercetin increased IL-10 levels is not quite clear, but we suspect that it possibly triggered an early release of IL-10 to limit the activity of pro-inflammatory cytokines; this therefore suggests that it had neuroprotective effects.

Conclusions
===========

This study reports that exposure to prenatal stress increases the pro-inflammatory cytokine profile during febrile seizures. Treatment with quercetin decreases the pro-inflammatory cytokine profile in the presence of both prenatal stress and febrile seizures but increases the profile in the presence of febrile seizures alone, whereas it increases the anti-inflammatory cytokine profile in non-stressed groups with febrile seizure and offers neuroprotection. Therefore, from these results, we can conclude that quercetin offers therapeutic effect against febrile seizures only in the presence of prenatal stress. Based on these findings, we would conclude that quercetin is not efficacious in individuals with febrile seizure alone. Future studies could focus on applying techniques such as immunohistochemistry to gain more insights on the activity of quercetin and also assessing its activity at different time points.
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